This work reported the full degradation of an azo dye in a synthetic effluent by Pseudomonas oleovorans immobilized in polyurethane foam (PUF). For each fed-batch experiment, a screw-top vessel containing 160 mL of nutrient broth was inoculated with 0.16 g L À1 of fresh culture, incubated at 32 W C and supplemented with 50 mg L À1 of dye every 24 hours. Afterwards, the P. oleovorans were immobilized in PUF and inoculated in an anoxic reactor. The results showed that at fed-batch conditions, P. oleovorans was capable of removing 50 mg of dye in 192 hours. However, when the decolorization was performed in an anoxic reactor, it was capable of fully degrading 25 mg of dye in only 24 hours.
INTRODUCTION
There are more than 100,000 commercially available dyes with more than 7 × 10 7 tons of dyestuff produced annually worldwide (Robinson et Considerable attention has been given to issues associated with the presence of coloured compounds in aqueous wastewater generated from textile industries, since water is the only efficient carrier for dyes and other compounds that are used in the dyeing and finishing processes. An average textile finishing company uses 100,000-150,000 litres of water per ton of textile material treated (Li & Guthrie ) .
Colour is the first contaminant to be recognized in wastewater; however, in addition to the aesthetic problem, dyes obstruct light penetration and oxygen transfer in water bodies. Without an adequate treatment, dyes are stable and can remain in the environment for an extended period of time (Silveira et al. b) .
Currently, the most popular methods of colour removal from wastewater involve physical and chemical processes that can be costly and usually include the formation of a concentrated sludge that creates a secondary, highly significant disposal problem (Chang & Kuo  This work reports the decolorization of an industrial azo dye by PUF immobilized P. oleovorans using an anoxic reactor.
EXPERIMENTAL Microorganisms
The microorganism was obtained from the Brazilian Collection of Environmental and Industrial Microorganisms (CBMAI) of the University of Campinas, previously identified as P. oleovorans (CBMAI 703).
The microorganisms were preserved in cryotubes containing glass beads and 50% glycerol (v/v). Each cryotube was loaded from the same initial culture and had an average of 30 beads. Thus, it was possible to use the same cell generation for all experiments (Silveira et al. b) .
Dyes and reagents
Textile dye was obtained with the kind permission of Clariant of Brazil (Sao Paulo, Brazil). As the dye is for commercial use, the commercial name has been omitted in this study, receiving the following codename: B15 (C.I. 13390). The dye was filter-sterilized with 0.2 μm filter (Millipore, USA), prior to addition to the sterile culture medium.
All other reagents were of analytical grade. were performed using the same medium without microorganisms or dyes (Silveira et al. a) .
Decolorization in fed-batch cultures
After the decolorization, the cultures were fed with a concentrated dye solution, aiming to regain the initial dye concentration. The feed was performed every time the dye concentration reached values below 3.6 mg L À1 .
Determination of cell growth and decolorization
The samples from decolorization cultures were collected and analysed according to the methodology described previously (Silveira et al. b) . As all samples contained biomass and dye, biomass concentration (first and second steps) and dye (third step) were evaluated as follows:
1. OD 600 nm of sample mixtures without centrifugation: 
in which A λinitial represented the absorbance before the decolorization process and A λfinal the value obtained during the third step. Each decolorization value was a mean of three parallel experiments.
Decolorization was also determined by wavescan, performed in an Ultrospec 3000 (GE Healthcare, USA).
Samples were scanned from 240 to 790 nm to measure the color removal and aromatic compound degradation by P. oleovorans; culture medium without industrial dye was used as blank.
Cell immobilization on PUF
P. oleovorans cells from an early stationary or a final exponential phase were centrifuged at 10,000 g for 10 min and then immobilized in polyurethane foam (PUF). The PUF was cut in 1-cm 3 cubes, washed in distilled water, autoclaved twice and oven-dried at 37 W C. Approximately 9 × 10 9 cells in culture medium were added to screw-top bottles containing PUF cubes.
The content of the bottles was mixed on a magnetic stirrer for two hours. The bottles were incubated on an orbital shaker for one hour at 140 RPM, and then incubated under static conditions for another two hours. Finally, the dye was added to the culture medium and then incubated at the conditions described elsewhere (Silveira et al.
a).

Anoxic reactor
A jacketed glass column with an effective volume of 140 mL, with an internal diameter of 3 cm and a height of 20 cm was used as the reactor (Figure 1 ). The column was autoclaved and dried at 37 W C before each run.
Rubber corks were perforated for silicon tubing passage used for the column's inlet and outlet. Temperature was controlled using a water bath with water cycle. The column was packed with a PUF cylinder with a main diameter of 3 and 19 cm height.
Reactor operation
The experiments were conducted after the immobilization of P. oleovorans on PUF. The immobilization within the column was performed after 20 mL inoculation of fresh culture (approximately 9 × 10 9 cells) diluted in 100 mL of nutrient broth at 200 cm h À1 and sealed overnight at 32 W C.
The reactor was fed with synthetic effluent at a linear velocity of 15 cm h À1 , and at this rate no cell washout was observed. At given linear velocity, the hydraulic residence time (HRT) was approximately 2 hours. The reactor outlet was connected with the feed vessel to provide the dilution of the feed along the process time. The feed was stocked in a 1 litre bottle. 
Synthetic effluent
RESULTS
Time-dependent and fed-batch cultures
The fed-batch decolorization was carried out for 216 hours, and the result is shown in Figure 2 , which describes the decolorization of B15 dye in fed-batch. It was also observed that the biomass reached equilibrium after 42 hours. After 192 hours, P. oleovorans was able to decolorize up to 50 mg of dye; during this time, bacterial fatigue was not observed.
It was also observed a total decolorization of B15 dye, performed in only 36 hours in the first run, and substantial cell growth occurred along this first run. However, the cells did not seem to absorb the dye, since the centrifuged biomass showed no characteristics of absorption, remaining creamy white during the entire process.
It was also observed that there were two distinct behaviour patterns onto the fed-batch decolorization process of ).
Immobilization of P. oleovorans on PUF
P. oleovorans was firstly immobilized on PUF cubes of 1 cm 3 and, after the immobilization process, the bacterial decolorization capacity was measured. Figure 3 shows the decolorization pattern of non-immobilized and immobilized cells with recycles.
Along with the decolorization process, and also at the beginning of each decolorization cycle, it was possible to observe some colour absorption by the foam. However, at the end of each run the support regained its original colour.
It was also observed that after the first run, the decolorization process time was reduced to 30 hours on the following runs. 
Reactor decolorization process
Column packing with PUF cubes gave a non-ideal behaviour, in which was observed formation of channelling and stagnant zones within the reactor. Based on that, the reactor was packed with a PUF cylinder, which could fill all its inner space, thus giving it an ideal behaviour. Figure 5 shows the reactor before and after the decolorization process, and Figure 6 shows the decolorization pattern along the process time.
It was observed that in addition to using a lower concentration than the ones used in batch and fed-batch reactors, 25 and 50 mg L À1 , respectively, the reactor was able to decolorize a higher mass of dye per cycle. Therefore, the reactor could process 1 litre of effluent and the process time was reduced 6-fold. This strategy resulted in a higher decolorization rate by P. luteola; however, the dye decolorization should undergo substrate inhibition, leading to an incomplete decolorization 
CONCLUSION
The ever-increasing legislation restrictions regarding effluent disposal combined with their toxicity, carcinogenicity and mutagenicity makes dye contamination both an environmental problem and a public health problem. The immobilization of P. oleovorans along with its use in fedbatch reactors, as well as in an anoxic reactor, is a promising green technology to the decolorization of dye-contaminated effluents, since it was possible to achieve full degradation of
